The bacterial flagellar motor is composed of a rotor and a transmembrane ion channel complex that acts as a stator unit. The ion channel complex consists of at least three structural parts: a cytoplasmic domain responsible for the interaction with the rotor, a transmembrane ion channel that forms a pathway for the transit of ions across the cytoplasmic membrane, and a peptidoglycan-binding (PGB) domain that anchors the stator unit to the peptidoglycan (PG) layer. A flexible linker connecting the ion channel and the PGB domain not only coordinates stator assembly with its ion channel activity but also controls the assembly of stator units to the motor in response to changes in the environment. When the ion channel complex encounters the rotor, the N-terminal portion of the PGB domain adopts a partially stretched conformation, allowing the PGB domain to reach and bind to the PG layer. The binding affinity of the PGB domain for the PG layer is affected by the force applied to its anchoring point and to the type of ionic energy source. In this review article, we will present current understanding of autonomous control mechanism of stator assembly in the bacterial flagellar motor.
Introduction
Bacteria swim in liquid environments and move on solid surfaces by rotating flagella. The bacterial flagellum is a supramolecular motility machine consisting of a rotary motor, a universal joint and a helical propeller (Minamino and Namba, 2004) . The flagellar motor is powered by ion translocation down an electrochemical potential of ions across the cytoplasmic membrane. The flagellar motor is placed under a chemotaxis signal transduction pathway, and so bacteria can migrate toward more favorable conditions and escape from undesirable ones (Berg, 2003) . The flagellar motor can also respond to changes in the environment by itself, inducing developmental changes such as cell differentiation and biofilm formation in planktonic cells for their survival. Therefore, it is believed that the flagellar motor has adopted and evolved to function in various environments where bacteria live and survive (Minamino and Imada, 2015; Terashima et al., 2017) .
The flagellar motor is composed of a rotor and a dozen transmembrane ion channel complexes, each of which acts as a stator unit (Fig. 1) . The rotor is composed of the MS ring made of a transmembrane protein, FliF, and the C ring consisting of three cytoplasmic proteins, FliG, FliM and FliN. The transmembrane ion channel complex conducts ions such as protons (H + ) and sodium ions (Na + ) through the channel to generate torque by its interaction with the rotor. The transmembrane ion channel complex is composed of two membrane proteins, commonly referred to as MotA and MotB in the H + -driven flagellar motor of Escherichia coli and Salmonella enterica serovar Typhimurium (hereafter referred to Salmonella), PomA and PomB in the Na + -driven motor of Vibrio alginolyticus and Shewanella oneidensis MR-1, and MotP and MotS in the Na + -driven motor of extremely alkalophilic Bacillus ( Fig. 1 ) Morimoto and Minamino, 2014; Kojima, 2015) . Recently, stator complexes powered by K + /Rb + or Ca 2+ /Mg 2+ have been discovered in extremely alkalophilic Bacillus (Terahara et al., 2012; Imazawa et al., 2016) .
The transmembrane ion channel complex is anchored to the rigid peptidoglycan (PG) layer through the binding of its PG-binding (PGB) domain to the PG layer to become an active stator unit in the motor (Kojima et al., 2018) . The flagellar motor can accommodate a dozen stator units around a rotor ( Fig. 1) (Reid et al., 2006) . More recently, the stator units are directly visualized to be associated with the rotor ring complex in bacteria such as V. alginolyticus and Campylobacter jejuni by electron cryotomography and subtomogram averaging (Beeby et al., 2016; Zhu et al., 2017) . The ion channel complex dynamically assembles into and disassembles from the rotor during motor rotation , indicating that the stator units are not permanently fixed in place around the rotor. Interestingly, the flagellar motor autonomously controls the assembly of stator units in the motor in response to changes in the environment (Fukuoka et al., 2009; Lele et al., 2013; Tipping et al., 2013; Sowa et al., 2014; Paulick et al., 2015; Terahara et al., 2017a; 2017b) . Thus, the ion channel complex by itself also acts as a biosensor to detect changes in the environment.
The transmembrane ion channel complex is divided into at least three structural parts: a cytoplasmic domain, a transmembrane ion channel and a PGB domain Nishihara and Kitao, 2015; Takekawa et al., 2016) . A highly flexible linker connects the transmembrane ion channel and the PGB domain (Terahara et al., 2017a ). An amphipathic helix in the linker acts as a plug to bind to the ion channel to suppress its ion channel activity until the ion channel complex becomes an active stator unit in the motor (Hosking et al., 2006; Morimoto et al., 2010a; Li et al., 2011; Takekawa et al., 2013) . How does the ion channel complex associate with and dissociate from the motor in response to environmental changes? This review article covers our current discoveries of stator assembly control mechanism with emphasis on the structure and function of the transmembrane ion channel complex.
Domain structure of the transmembrane ion channel complex
MotA and MotB form H + channel complex composed of four copies of MotA and two copies of MotB (Blair and Berg, 1990; Stolz and Berg, 1991; Braun et al., 2004; Kojima and Blair, 2004) . The Na + -coupled PomA 4 B 2 and MotP 4 S 2 complexes are formed in a way similar to the MotA 4 B 2 complex (Sato and Homma, 2000; Ito et al., 2004; Terahara et al., 2017a) . MotA, PomA and MotP consist of four transmembrane helices (TM1-TM4), two short periplasmic loops, a relatively large cytoplasmic loop between the TM2 and TM3 helices and a long C-terminal cytoplasmic tail ( Fig. 2A) . MotB, PomB and MotS consist of an N-terminal cytoplasmic region, one transmembrane helix and a C-terminal periplasmic region containing a well-conserved PGB motif (Fig. 2B ).
Structure of the transmembrane H + channel
An atomic model of the transmembrane H + channel of the E. coli MotAB complex has been built by molecular dynamics (MD) simulation based on results obtained by disulfide crosslinking experiments and tryptophan scanning mutagenesis (Fig. 3A ) (Nishihara and Kitao, 2015) . MotB forms a homo-dimer in the MotAB complex (Braun and Blair, 2001) . MotA forms a homo-tetramer around the MotB dimer (Braun et al., 2004; Kim et al., 2008; Takekawa et al, 2016) . A highly conserved Asp-32 residue, which is a proton-binding site in the H + channel (Zhou et al., 1998b) , is located near the cytoplasmic end of the transmembrane helix of E. coli MotB (MotB-TM) (Figs 2C and 3A) . Each Asp-32 residue is positioned on the surface of MotB-TM facing MotA-TM3 and MotA-TM4 (Fig. 3B) , and so the MotAB complex has two distinct H + channels (Braun and Blair, 2001 ).
MotA-TM1 and MotA-TM2 are in the outer positions of the H + channel (Fig. 3B ) (Kim et al., 2008) . Suppressor mutant analysis of the Salmonella motB(D33E) mutant has suggested that the MotA-TM2 is presumably close to the MotA-TM3 and MotA-TM4 to maintain the H + channel to efficiently couple the H + flow with torque generation ( Fig. 3B ) (Che et al., 2008) . This is supported by the MD-simulated model structure (Nishihara and Kitao, 2015) . Fig. 3A ) (Braun et al., 1999; Kim et al., 2008) . This Pro-173 residue is postulated to be required for rapid conformational changes of the H + channel induced by the binding of H + to Asp-32 when the motor speed is increased with a decrease in external load (Nakamura et al., 2009b; Nishihara and Kitao, 2015) .
Structure of the stator's cytoplasmic domain
Electron microscopy with negative staining and image analysis of a purified MotA tetramer derived from Aquifex aeolicus has revealed that its structure consists of a slightly elongated globular domain and a pair of arch-like domains, which correspond to the transmembrane and cytoplasmic domains respectively (Fig. 4) (Takekawa et al., 2016) . Suppressor mutant analysis of the C-terminal cytoplasmic tail of E. coli MotA (MotA CT ) has suggested that a conserved cluster of negatively charged residues in MotA CT functionally interacts with a cytoplasmic loop (MotA C ) between TM2 and TM3 helices of MotA ( Fig. 2C ) (Hosking and Manson, 2008) . Similar results have been reported for the C-terminal cytoplasmic tail of PomA of V. alginolyticus (Obara et al., 2008) . Therefore, it seems likely that the cytoplasmic domain of the MotA tetramer is composed of MotA C and MotA CT . Two highly conserved charged residues, Arg-90 and Glu-98, in MotA C of E. coli interact with two highly conserved charged residues, Asp-289 and Arg-281, of the rotor protein FliG respectively (Fig. 2C) . The MotA C -FliG interactions are responsible not only for torque generation (Zhou and Blair, 1997; Zhou et al., 1998a) but also for efficient stator assembly around the rotor (Morimoto et al., 2010b; (Kojima and Blair, 2001 ). This is supported by MD simulations of the transmembrane H + channel domain of the MotAB complex (Nishihara and Kitao, 2015) . Two conserved proline residues of MotA, Pro-173 and Pro-222, are postulated to be involved in such conformational changes of MotA C coupled with the protonation-deprotonation cycle of Asp-32 in the H + channel ( Fig. 2C ) (Braun et al., 1999; Kojima and Blair, 2001 ).
Structure and dynamics of the stator's periplasmic domain
The C-terminal periplasmic region of Salmonella MotB (MotB C ) (residues 51-309) is composed of an intrinsically disordered N-terminal linker (MotB C-NL ) (residues 51-98), a compactly folded PGB domain (MotB C-PGB ) (residues 99-276) and an intrinsically disordered C-terminal tail (MotB C-CT ) (residues 277-309) ( Fig. 2B ) Terahara et al., 2017a) . MotB C is required not only for proper anchoring of the MotAB complex to the rigid PG layer around the rotor (Blair et al., 1991) but also for proper alignment of the functionally activated stator unit relative to the rotor (Garza et al., 1996) . MotB C forms a homo-dimer, and its dimerization is necessary for MotB function (Kojima et al., 2008a; . Both MotB C-NL and MotB C-CT are dispensable for flagellar motor rotation (Muramoto and Macnab, 1998 ) but a plug segment (residues 52-65) in MotB C-NL suppresses the H + channel activity until the MotAB complex assembles to the rotor (Hosking et al., 2006; Morimoto et al., 2010a) . The C-terminal periplasmic domain of PomB (PomB C ) forms a homo-dimer in way similar to MotB C (Li et al., 2011) . The structures of MotB C-PGB derived from Salmonella and Helicobacter pylori and PomB C-PGB derived from V. alginolyticus have been solved by X-ray crystallography (Fig. 5A , left panel) (Roujeinikova, 2008; Kojima et al., 2009; Zhu et al., 2014) . The overall structure of PomB C-PGB show a remarkable similarity to that of MotB C-PGB Zhu et al., 2014) . The core domains of MotB C-PGB and PomB C-PGB adopt a β 2 -α 3 -β 3 -α 4 -β 5 -β 6 fold that shows considerable structural similarities to other PGB proteins, such as the C-terminal regions of PAL (Parsons et al., 2006) and MotY (Kojima et al., 2008b) . MotS have a single TM helix and a C-terminal periplasmic region containing a peptidoglycan-binding (PGB) motif, which anchors the transmembrane ion channel complex to the PG layer. A plug segment suppresses the ion channel activity until the transmembrane ion channel complex becomes an active stator unit. C. Topological model of E. coli MotA and MotB. Highly conserved Arg-90 (indicated as R90) and Glu-98 (indicated as E98) residues in MotA C interact with conserved Asp-289 (indicated as D289) and Arg-281 (indicated as R281) residues of FliG respectively, for flagellar motor rotation as well as efficient stator assembly around a rotor. Two highly conserved Pro-173 and Pro-222 residues of MotA (indicated as P173 and P222 respectively) are involved in the energy coupling mechanism. Asp-32 of MotB (indicated as D32), which is located near the cytoplasmic end of TM, is postulated to play a role in proton translocation. N and C indicate the N and C termini of the proteins. CM, cytoplasmic membrane; PG, peptidoglycan layer. [Colour figure can be viewed at wileyonlinelibrary .com] This suggests that the core domains of MotB C-PGB and PomB C-PGB are involved in the binding to the rigid PG layer. The N-terminal portions of MotB C-PGB and PomB C-PGB are composed of two helices α 1 and α 2 and a strand β 1 . The β 1 strand is connected to the β 2 strand through a flexible hinge loop and forms part of the five stranded β-sheet Zhu et al., 2014) . Although the amino acid sequence in this N-terminal portion is not conserved between these two proteins, the α 1 and α 2 helices and the β 1 strand are common structural elements Zhu et al., 2014) . Site-directed disulfide crosslinking between helix α 1 and the PGB core domain inhibits stator function of the MotAB and PomAB complexes, suggesting that the N-terminal portions of MotB C-PGB and PomB C-PGB , albeit adopting a compact conformation, are structurally flexible to allow them also to adopt an extended conformation Zhu et al., 2014; Andrews et al., 2017; Kojima et al., 2018) .
A MotB(L119P) mutation in helix α 1 not only activates the H + channel activity of the MotAB complex (Morimoto et al., 2010a) but also allows MotB C-PGB to bind to the rigid PG layer with a high affinity (Kojima et al., 2018) . Solution nuclear magnetic resonance analysis has revealed that the MotB(L119P) mutation induces a conformational change of helix α 1 in MotB C-PGB . Consistently, the entire α 1 helix is invisible in the MotB C-PGB (L119P) crystal structure (Fig. 5A, right panel) . Taken together with functional analysis using disulfide crosslinking between the α 1 helix and the PGB core domain, the L119P mutation appears to induce an extended conformation of its N-terminal portion of MotB C-PGB , thereby not only releasing the plug segment from the H + channel but also exposing the PGB sites on the molecular surface of MotB C-PGB . Therefore, it is suggested that the compact and extended conformations of the N-terminal portion of MotB C-PGB reflect the active and inactive forms of MotB C respectively (Kojima et al., 2018) . Since a 5 nm extension of MotB C from the transmembrane domain of the MotAB complex is required for the association of the MotB C-PGB core domain to the PG layer , it is proposed that conformational rearrangements of the N-terminal portion of MotB C-PGB from the compact to extended forms occur upon positioning of the MotAB complex around the rotor to become an active stator unit in the motor (Kojima et al., 2018) . It is supported by direct observation by high-speed atomic force microscopy (HS-AFM) that the C-terminal periplasmic domain of MotS (MotS C ) derived from Bacillus subtilis extends from the transmembrane domain of the MotPS complex by about 5 nm through a conformational change of the N-terminal portion of MotS C (Fig. 5B) (Terahara et al., 2017a) . HS-AFM has directly visualized that the 5 nm extension of MotS C occurs in at least two steps (Fig. 5C ) (Terahara et al., 2017a) . The first 2.5 nm extension step is caused by a detachment of a flexible linker (MotS C-NL ) containing a plug segment from the transmembrane Na + channel of the MotPS complex, and the second 2.5 nm extension step results from an order-to-disorder transition of the N-terminal portion of MotS C-PGB . The D30A mutation at a position of Asp-30 in MotS-TM, which corresponds to Asp-32 of E. coli MotB, slows down the rate of this two-step extension process significantly (Terahara et al., 2017a) . Since the plug segment in MotB C-NL inhibits the H + channel activity of the MotAB complex until it is incorporated into the motor (Hosking et al., 2006) , it is proposed that the binding of Na + to the Asp-30 residue in MotS-TM facilitates the detachment of MotS C-NL from the transmembrane Na + channel of the MotPS complex and the following conformational rearrangements of MotS C-PGB (Fig. 5C) (Terahara et al., 2017a) .
Control of stator assembly in the flagellar motor

Load sensing mechanism of the MotAB complex
A dozen stator units can be installed into a motor in E. coli and Salmonella (Reid et al., 2006; Pourjaberi et al., 2017) . At high load, about 10 stator units generate torque with the rotor, whereas a few stator units drive motor rotation at low load. This suggests that the flagellar motor also acts as a load sensor to regulate the number of functionally active stator units in the motor in response to changes in external load (Lele et al., 2013; Tipping et al., 2013 ).
An in-frame deletion of residues 72-100 in MotB C-NL causes a rapid decrease in the number of functionally active stator units at a motor load that is much higher than the load at which the wild-type stator units begin to dissociate from the motor (Castillo et al., 2013) . This suggests that the 72-100 deletion of MotB considerably affects the mechanosensitivity of the MotAB complex. Therefore, it is proposed that residues 72-100 in MotB C-NL may act as a structural regulator to control the binding affinity of MotB C-PGB for the PG layer in a load-dependent manner (Castillo et al., 2013) .
How does MotB C coordinate load-dependent assembly and disassembly dynamics of the MotAB complex? Torque generated by the interactions of MotA C with FliG applies an equal and opposite force on the PG layer through MotB C-PGB . When a much higher force is applied to the anchoring point of MotB C-PGB in the rigid PG layer, a dissociation rate of the MotAB complex becomes much slower, thereby increasing the bound lifetime of the assembled stator units in the motor. In contrast, when a much lower force is applied, the dissociation rate of the MotAB complex becomes much faster, thereby decreasing the bound lifetime of the assembled stator units (Chawla et al., 2017; Nord et al., 2017) . These suggest that the binding affinity of each MotB C-PGB domain for the rigid PG layer is increased by the applied force when external load is high enough (Chawla et al., 2017; Nord et al., 2017) .
Electrostatic stator-rotor interactions are responsible for efficient stator assembly into the motor (Zhou and Blair, 1997; Morimoto et al., 2010b; Kojima et al., 2011; Takekawa et al., 2014) . It has been reported that the Y83H, A145E and M76V mutations in Salmonella MotA C induce the dissociation of a few stator units from the motor under much higher load compared to the wild-type motor and that the E155K mutation induces the dissociation of four active stator units from the motor at extremely high load (Pourjaberi et al., 2017) . These observations indicate that these MotA C mutations affect the mechanosensitivity of the flagellar motor, thereby changing the load-dependent assembly and disassembly dynamics of the MotAB complex. Therefore, MotA C is proposed to act as a load sensor to regulate the number of active stator units in the motor in response to load change (Pourjaberi et al., 2017) .
Autonomous regulation of the H + channel activity of the
MotAB complex
The protonation-deprotonation cycle of Asp-32 in the H + channel of the E. coli MotAB complex induces cyclic conformational changes of MotA C that may reflect power stroke-like motions to drive flagellar motor rotation (Kojima and Blair, 2001; Nishihara and Kitao, 2015) . A D33E substitution at the position of Asp-33 in Salmonella MotB-TM, which corresponds to Asp-32 of E. coli MotB, causes 50 and 90% reductions in the maximum torque at high load and the maximum rotational speed at low load respectively (Che et al., 2008) , conferring a slow motile phenotype (Togashi et al., 1997) . Suppressor mutations of this mutant, which were identified in MotA-TM2, MotA-TM3, MotB-TM and MotB C , restore the maximum torque to the wild-type level at high load but do not improve the maximum rotational speed at low load (Che et al., 2008) . The H + channel activity of the unplugged MotAB proton channel complex with the MotB(D33E) mutation shows about 50% reduction compared to the unplugged wild-type H + channel (Che et al., 2014) . Since the rate of H + translocation through the channel is limited by the rate of conformational change of the MotAB complex (Nakamura et al., 2009a; 2009b) , the 90% reduction in the maximal rotation speed of the MotAB(D33E) mutant motor presumably results from a considerable decrease in the rate of H + -coupled conformational changes of the MotAB complex (Che et al., 2014) . Furthermore, the MotB(D33E) mutation results in large fluctuations in speed and frequent pausing of motor rotation at low load but not at high load. This indicates that the D33E substitution limits the H + channel activity of the MotAB complex only when external load is low (Che , 2014) . Therefore, it is proposed that the MotAB complex autonomously controls its H + channel activity in response to changes in external load and that the Asp-33 residue in MotB-TM plays an important role in proton translocation mechanism coupled with the conformational change of the MotAB complex (Che et al., 2014) .
S. oneidensis MR-1 possesses two distinct stator complexes, H + -type MotAB and Na + -type PomAB, to drive flagellar motor rotation (Paulick et al., 2009) . The MotAB-driven motor, which contains only active MotAB stator complexes in the motor, cannot support cell motility under highly viscous conditions. Mutations in the plug A. Cα ribbon representations of the crystal structure of MotB C (left) (PDB code: 2ZVY) and its mutant variant MotB C (L119P) (right) (PDB code: 5Y40). Leu-119 in helix α1 shows hydrophobic interactions with Leu-149 in strand β2 and Val-183 and Ile-187 after helix α3. The L119P mutation induces a large conformational change of the α1 helix, thereby activating not only the PGB activity but also the H + channel. B. Direct visualization of a 5 nm extension of MotS C-PGB from the transmembrane Na + channel domain of the MotPS complex by HS-AFM. Sequential HS-AFM images of wild-type MotPS are taken at 0.2 sec per frame and their cross sections shown by dashed red lines are presented on the right side of the AFM images. The large and small domains correspond to the transmembrane domain and the MotS C-PGB dimer respectively. A flexible linker consisting of residues 48-77 of MotS connects these two domains. Surface profiles (cyan, extended conformation; magenta, compact conformation) along the dashed red line (from filled to open arrowheads) are fitted by two Gaussian functions (blue, extended conformation; red, compact conformation), and the peak-to-peak distance and peak heights are shown (Terahara et al., 2017a) . C. 5 nm extension mechanism of the PGB domain. When the MotPS complex adopts a compact conformation, a plug segment in MotS C binds to a transmembrane Na + channel formed by transmembrane helices of MotP and MotS (left panel). The plug region is detached from the transmembrane Na + channel (middle panel), followed by partial unfolding of the N-terminal portion of MotS C-PGB (right panel), causing a 5 nm extension of MotS C-PGB from the transmembrane domain of the MotPS complex to reach the peptidoglycan layer, allowing the MotPS complex to become an active Na + -type stator unit. [Colour figure can be viewed at wileyonlinelibrary.com] segment in MotB C-NL not only cause massive proton leakage through the H + channel prior to stator assembly into the motor but also allow the MotAB-driven motor to spin at high load (Brenzinger et al., 2016) . These mutations do not induce any changes in stator assembly in the MotABdriven motor (Brenzinger et al., 2016) . Since the plug segment affects the H + channel activity (Hosking et al., 2006) , there is a possibility that the plug autonomously controls H + binding to the conserved Asp residue in MotB-TM in response to load change.
The Bacillus MotPS complex acts not only as a Na
+ sensor but also as a load and viscosity sensor B. subtilis has two distinct types of transmembrane ion channel complexes: H + -type MotAB and Na + -type MotPS (Ito et al., 2004; 2005) . The wild-type B. subtilis flagellar motor accommodates about ten MotAB stator units around a rotor in the absence of NaCl. When 200 mM NaCl is added to media, a few MotAB complexes rapidly dissociate from the motor, and a few MotPS complexes assemble into the motor (Terahara et al., 2017a; 2017b) . Thus, the B. subtilis flagellar motor induces its remodeling in response to changes in the external Na + concentration (Terahara et al., 2017a; 2017b) . It has been reported that the flagellar motor of S. oneidensis MR-1 selects functional stators from two distinct H + -type MotAB and Na + -type PomAB complexes at the level of protein localization in response to the Na + concentration in a way similar to the B. subtilis flagellar motor (Paulick et al., 2009) . The assembly and disassembly of the MotPS complex rapidly occur in a Na + -dependent manner (Terahara et al., 2017a) . How does the MotPS complex sense Na + ?
HS-AFM observation has revealed that MotS C-PGB adopts folded and unfolded conformations in the presence and absence of 150 mM NaCl respectively. Buffer exchange experiments have shown that the structural transitions of MotS C between the unfolded and folded states are reversible (Fig. 6 ). Since Na + -induced structural transition of MotS C-PGB is affected by neither the deletion of residues 48-77 in MotS C-NL nor the MotS(D30A) mutation, MotS C-PGB must contain a Na + -induced structural switch in itself. These data suggest that the binding of Na + to MotS C-PGB induces a structural transition of MotS C-PGB from the unfolded to folded conformations to efficiently promote MotPS assembly into the motor (Terahara et al., 2017a) . Disruption of the motP and motS genes has no impact on motility of B. subtilis cells, indicating that the H + -type MotAB complex is dominant for wild-type motility (Ito et al., 2004 ). Upon increasing the expression level of the MotPS complex significantly, MotPS-dependent motility is observed under highly viscous conditions at a high Na + concentration (Ito et al., 2005; Terahara et al., 2006) . This raises the possibility that the MotPS complex may also serve as a viscosity sensor. Rotation measurements of the MotPS-driven motor over a wide range of external load have shown that torque produced by the MotPS motor is much larger in the presence of Ficoll 400, which is a neutral, highly branched, hydrophilic polysaccharide, than in its absence even under the same load condition and that the number of active stator units in the MotPS-driven motor increases from one up to ten with an increase in the Ficoll 400 concentration (Terahara et al., 2017b) . The MotPS complex dissociates from and associates with Fig. 6 . Na + -induced structural transitions of the MotS C-PGB dimer. Upon gradually exchanging the buffer containing 150 mM KCl to the one containing 150 mM NaCl, thereby increasing the Na + concentration up to 150 mM, MotS C-PGB becomes suddenly structured at about 130 mM NaCl. When the Na + concentration is reduced back to zero again, the folded MotS C-PGB dimer becomes unstructured at about 130 mM NaCl (Terahara et al., 2017a) . Folded and unfolded conformations of MotS C-PGB are shown by blue and magenta arrow heads respectively. [Colour figure can be viewed at wileyonlinelibrary.com] the rotor much more frequently in the absence of Ficoll 400 than in its presence, thereby maintaining the number of active stator units in the motor from one to three (Fig. 7) . These results indicate that Ficoll 400 stabilizes the anchoring of MotS C-PGB to the rigid PG layer in a concentration-dependent manner (Terahara et al., 2017b) . Interestingly, torque drastically dropped off by a slight decrease in external load even when the Ficoll 400 concentration is essentially the same, suggesting that the MotPS complex detects changes in both external load and polysaccharide concentration in the environment (Terahara et al., 2017b) . The MotPS complex is involved in biofilm formation by B. subtilis cells (Ito et al., 2004) . Since extracellular polysaccharides and Na + are enriched inside the biofilm, it is plausible that the force-and polysaccharide-enhanced anchoring of the MotPS complex to the rigid PG layer may allow B. subtilis cells to efficiently develop the biofilm for their survival. The assembly and activation mechanism of the MotPS complex has been proposed based on HS-AFM observation of the complex and optical measurements of B. subtilis motor rotation (Terahara et al., 2017a; 2017b) . In the absence of Na + , the MotPS complex exists as an inactive form in the cytoplasmic membrane because MotS C adopts an unfolded conformation (Fig. 6) . When the concentration of Na + increases, the binding of Na + to MotS C induces the folding of MotS C-PGB . Then, an interaction between MotP and FliG induces the opening of the Na + channel by releasing MotS C-NL including the plug segment and also the 5 nm extension of MotS C-PGB from the transmembrane domain to bind to the PG layer (Fig. 5C) . As a result, MotPS becomes an active Na + -type stator unit to conduct Na + ions to drive motor rotation. When the load and polysaccharide concentration are both high enough, up to ten MotPS complexes are installed into the motor to generate high torque (Fig. 7) , allowing the cells to migrate toward favorable conditions under highly viscous conditions. When Na + ions are depleted, MotS C-PGB becomes unstructured, inducing its rapid dissociation from the PG layer and rapid dissociation of the MotPS complex from the motor.
Conclusions and outlooks
The transmembrane ion channel complex can sense changes in the environment to autonomously induce remodeling of the flagellar motor by controlling the stator assembly. When external load is high enough, about ten MotAB complexes function as the active stator units in the motor. When the external load becomes low enough, several MotAB complexes dissociate from the motor (Lele et al., 2013; Tipping et al., 2013) . Force applied to the anchoring point of MotB C-PGB in the rigid PG layer affects the assembly-disassembly equilibrium of the MotAB complex (Chawla et al., 2017; Nord et al., 2017) . Since helical rearrangements of the N-terminal portion of MotB C-PGB are responsible not only for anchoring MotB C-PGB to the PG layer but also for activating the H + channel (Kojima et al., 2018) , MotB C-PGB must have a structural switch to regulate the number of active stator units in the motor in an applied force-dependent manner. The deletion of residues 72-100 in MotB C-NL affects the mechanosensitivity of the MotAB complex, and hence even a very slight decrease in external load induces the dissociation of several MotAB complexes from the motor. This suggests that the deleted region in MotB C-NL regulates the binding affinity of MotB C-PGB for the rigid PG layer in response to load change (Castillo et al., 2013) . However, it remains unknown how the applied force stabilizes the association of MotB C-PGB with the PG layer and how MotB C-NL regulates the mechanosensitive switch in MotB C-PGB . To clarify these questions, mutants of MotB which affect the mechanosensitivity will have to be isolated for high-resolution structural analysis. Rotor-stator interactions also affect the mechanosensitivity of the MotAB complex via an as yet unidentified mechanism (Pourjaberi et al., 2017) . Since MotB C is required not only for proper anchoring of the stator unit to the PG layer but also for proper alignment of MotA C relative to the rotor (Garza et al., 1996) , it is plausible that an increase in motor speed with a decrease in external load may induce a conformational change of the rotor-stator interface to cause a misalignment of MotA C relative to the rotor, thereby inducing the dissociation of multiple stator complexes from the motor at low load. Furthermore, a conserved cluster of negatively charged residues in MotA CT functionally interacts with MotA C , raising the possibility that MotA CT could contribute to the load sensing mechanism as well as MotA C . If true, certain mutations in MotA CT or FliG would affect the mechanosensitivity of the MotAB complex.
The highly conserved Asp-33 residue in Salmonella MotB-TM plays an important role in autonomous regulation of the H + channel activity of the MotAB complex in response to load change (Che et al., 2014) . However, it remains unknown how this Asp-33 residue coordinates the H + channel activity in response to changes in motor load. It has been shown that the Pro-173 in MotA-TM3, which is in very close proximity to Asp-33, facilitates conformational changes of the MotAB complex that expose Asp-33 to the outside and inside of the cell when the motor speed is increased with a decrease in external load (Nakamura et al., 2009b) . Pro-173 is also involved in efficient and rapid conformational changes of MotA C coupled with the protonation-deprotonation reaction cycle of Asp-33 (Kojima and Blair, 2001) , raising the possibility that torque produced by rotor-stator interactions would transmit the force to the Asp-33 residue through the Pro-173 residue, thereby regulating the conformational dynamics of the H + channel in response to load change.
The MotPS complex of B. subtilis acts not only as a Na + sensor but also as a viscosity sensor (Terahara et al., 2017a; 2017b) . The assembly of the MotPS complex into the motor proceeds through a Na + -induced folding transition of MotS C-PGB (Terahara et al., 2017a) . Polysaccharides also considerably stabilize the anchoring of MotS C-PGB to the PG layer in a load-dependent manner, thereby increasing the number of active MotPS stator units in the motor from one to ten (Terahara et al., 2017b) . However, it remains unknown how MotS C-PGB senses Na + and polysaccharides, how Na + induces the folding transition of MotS C-PGB , and how polysaccharides stabilize the association of MotS C-PGB with the PG layer. To clarify such molecular sensing mechanisms of MotS C-PGB , high-resolution structural analysis combined with mutational analysis and MD simulation will be required.
